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Introduction {#sec001}
============

As cancer cells progress, they undergo an evolutionary process during which genetic or epigenetic changes accumulate leading to progressively aggressive phenotypes. The common phenotypes associated with malignant disease are represented by the "hallmarks of cancer", and include changes in proliferation, apoptosis resistance, and metabolism \[[@pone.0120958.ref001]\]. We have proposed that the emergence of these hallmarks results from selection by factors, such as hypoxia, that are altered as the microenvironment changes during carcinogenesis \[[@pone.0120958.ref002]\]. Tumor hypoxia is associated with radio-resistance and drug resistance \[[@pone.0120958.ref003]--[@pone.0120958.ref006]\]. This is relevant because drug resistance is the major cause of treatment failure for cancers and this may result from minor populations of drug resistant cells that are present within tumors prior to drug treatment \[[@pone.0120958.ref007]\]. Exposure to chemotherapeutics selects for outgrowth of these already pre-existing drug resistant cell populations \[[@pone.0120958.ref008]\]. Importantly, we hypothesize that some of the phenotypic alterations induced by hypoxia can become hardwired so that they are expressed constitutively, even under normoxic conditions, a state known as pseudohypoxia \[[@pone.0120958.ref009], [@pone.0120958.ref010]\].

*In vitro* studies have shown that hypoxia selects for cells carrying mutations in p53 such that minor populations engineered to carry nonfunctional alleles of *TP53* eventually overtake populations wild-type for *TP53* \[[@pone.0120958.ref011]\], which can lead to apoptosis resistance. Notably, it has been shown that hypoxia leads to a downregulation of DNA damage repair pathways, and increased DNA damage upon re-oxygenation \[[@pone.0120958.ref012]\]. Hence, hypoxia can not only induce genetic changes, but it may select for cells that are resistant to apoptosis and thus able to survive in the face of accumulating genetic changes. As a tumor is composed of variable adaptive landscapes caused by an imbalance of blood supply, adaptation of different cancer cell populations to these different microenvironments can lead to heterogeneous populations of cancer cells within a single tumor, as has been detected by multiple biopsies from single patient tumors \[[@pone.0120958.ref013]--[@pone.0120958.ref015]\]. Furthermore, intermittent hypoxia and chronic hypoxia are generally regarded as distinct phenomena \[[@pone.0120958.ref016]\], leading to differential effects on tissues and therefore different therapeutic consequences. This heterogeneous genetics leads to increased complexity not only for treatment regimens, but also in the outcomes of therapy.

In this study, we report the acquisition of stable phenotypes in response to selection by intermittent hypoxia. Notably, these adaptations confer resistance to chemotherapeutics to which the cells were otherwise naïve. Altered expression of p53, E-cadherin, and HIF-1α underlie these phenotypic changes and, in some cases, these expression changes were associated with chromosomal loss. Thus, we propose that intermittent hypoxia during early carcinogenesis leads to somatic evolution resulting in drug resistance and increased aggressiveness. Furthermore, we show that some of these changes can occur consistently across different cell types.

Results {#sec002}
=======

During early carcinogenesis, when neoplastic cells are confined within ducts, areas of severe hypoxia are evident in the periluminal regions. This has been inferred from immunohistochemistry (IHC) of patient tissue for the Hypoxia-Inducible Factor (HIF) clients, CA-IX ([Fig. 1](#pone.0120958.g001){ref-type="fig"}) and GLUT-1 ([S1 Fig](#pone.0120958.s001){ref-type="supplementary-material"}.) \[[@pone.0120958.ref017], [@pone.0120958.ref018]\]. Periluminal hypoxia develops because the blood supply is restricted to the stroma and the maximum diffusion distance of oxygen in tissues is \<200 microns \[[@pone.0120958.ref019]\]. Further, due to inconsistencies in blood flow, there is mathematical and empirical evidence that this hypoxia is intermittent, with periodicities from minutes \[[@pone.0120958.ref020]--[@pone.0120958.ref022]\] to days \[[@pone.0120958.ref023]\].

![CA-IX is expressed in pseudohypoxic tissue.\
200x magnification image of ductal carcinoma of the breast with microinvasion A) stained against CA-IX and B) segmented into individual cells and color coded by quantitative intensity where white is excluded as stroma, yellow is weak, orange is moderate and red is strong staining intensity. C) Bar graph of CA-IX intensity per lesion type from low grade DCIS to high grade DCIS and DCIS with microinvasion.](pone.0120958.g001){#pone.0120958.g001}

Glut-1 and CA-IX expression are induced by hypoxia via HIF, which is stabilized under hypoxia. These factors are often constitutively expressed in malignant tissues, even in the presence of oxygen, a condition known as "pseudohypoxia". [Fig. 1A](#pone.0120958.g001){ref-type="fig"} shows a section of human Ductal Carcinoma in situ (DCIS) stained for CA-IX. Using pattern recognition technology (Tissue Studio v3.0; Definiens; Munich, Germany), individual cells in stroma and DCIS were segmented and the CA-IX staining intensity was classified as either strong, moderate, or weak, corresponding to pathologist's classification of 3+, 2+ or 1+, respectively. These were color coded red, yellow and white, respectively in [Fig. 1B](#pone.0120958.g001){ref-type="fig"}, which shows the presence of strongly positive CA-IX staining in the peri-luminal zone consistent with hypoxia, and the peripheral zone, which may be evidence for pseudohypoxia. Measurements across multiple tumors indicate that CA-IX is a marker for increased grade ([Fig. 1C](#pone.0120958.g001){ref-type="fig"}) and poorer prognosis.

Changes in oxygen tensions have been shown to inflict genotoxic stress upon cells and inhibit cell proliferation \[[@pone.0120958.ref024]--[@pone.0120958.ref026]\]. Long exposures to conditions of \<1% O~2~ can lead to cell death via apoptosis in a dose-dependent manner \[[@pone.0120958.ref027], [@pone.0120958.ref028]\]. Additionally, re-oxygenation can cause the creation of radical oxygen species (ROS) that can lead to DNA strand breaks \[[@pone.0120958.ref012]\]. The rate of evolution is related to both phenotypic heterogeneity and selection strength, and thus we propose that acute or intermittent hypoxia (IH) may lead to somatic evolution driven by both of these components \[[@pone.0120958.ref029]\]. To determine the strength of selection, we subjected MCF10A breast epithelial cells ([Fig. 2A](#pone.0120958.g002){ref-type="fig"}), MDA-MB-231 metastatic breast cancer, RKO colorectal cancer cells, SU86.86 metastatic pancreatic cancer cells, and MCF10.DCIS cells ([S2 Fig](#pone.0120958.s002){ref-type="supplementary-material"}.) to different regimens of intermittent or chronic hypoxia. Cell numbers were determined after six-day growth periods with circadian oxygenation periods between normoxia and hypoxia with 0.2% or 1% oxygen. Cycles ranged from 24hr hypoxia-24 hr reoxygenation, 16 hrs hypoxia-8 hrs reoxygenation, or 8 hrs hypoxia-16 hr reoxygenation, chronic hypoxia or normoxia. For all cells tested, subjecting them to 16 hrs 0.2% hypoxia + 8 hrs normoxia demonstrated the greatest amount of cell death of the intermittent hypoxia regimens tested, which we equate to selection pressure. This periodicity was consistent with others \[[@pone.0120958.ref030]\].

![Selection of MCF10A cells by intermittent hypoxia (IH) induces drug resistance and reduced expression of p53 and E-cadherin.\
(A) Multiple intermittent hypoxia regimens were tested at 1%O~2~ and 0.2% O~2~ over 6 days. Factor survival is expressed as compared to cells grown in parallel in normoxia (21%O~2~). MCF10A cells undergoing repetitive cycles of 16 hours hypoxia followed by 8 hrs reoxygenation exhibited the most cell death. (B) MCF10A cells were cultured in 50 cycles of IH in the selective regimen described in (A), and individual cells were isolated to be raised as clones, and then passaged for 2 months in normoxia. These clonal populations were tested for etoposide resistance. Heterogeneity in the IH-selected clones was detected, while a significant overall increase in etoposide resistance was measured. (C) MCF10A IH-selected clones 4 and 9 were further tested for resistance to multiple cytotoxic conditions, including treatment to the microtubule stabilizing docetaxel, the folate metabolism inhibitor methotrexate, as well as hypoxia and reduction of growth factors. Intermittent hypoxia exhibited increased survival to all of these conditions except for survival to growth factor removal. (D,E) Intermittent hypoxia exhibits changes in the expression of p53 and E-cadherin. Quantitative Real-Time PCR was performed on each IH-selected and passage control clone. Reduced *p53* and E-cadherin mRNA expression levels were detected in IH-selected control clones. Factor expression is relative to the average of control clones.](pone.0120958.g002){#pone.0120958.g002}

To test the long-term effects of intermittent hypoxia on breast epithelia, we subjected MCF10A, transformed non-invasive MCF10.DCIS, and invasive metastatic MDA-MB-231 cells to 50 rounds of intermittent hypoxia with 16 hours of 0.2% hypoxia followed by 8 hours of normoxia. Following this selection, we isolated and cultured clonal populations raised from single cell suspensions, which we refer to as simply 'clones'. Clonal assays were used because, although we expect hypoxic selection will lead to population drift, we also expect it to generate genetic and phenotypic heterogeneity across the population, which would be evident in dispersed clones. Furthermore, from an evolutionary dynamic perspective, the presence of even a minor population could have significance under the appropriate selection conditions, and that these would not be observed in polyclonal analyses. For each cell line tested, we isolated up to 9 each of intermittent hypoxia (IH)-selected clones and clones from passage-controlled cells that were never exposed to hypoxia. All clones were passaged for at least 2 months in normoxia before any characterization was performed to ensure that any phenotypic changes were fixed and not due to transient adaptations to the environment.

Initially, we tested MCF10A, MCF10.DCIS, and MDA-MB-231 clones for survival against 20uM etoposide. Etoposide (VP-16) is a topoisomerase inhibitor that is believed to kill cells exclusively via apoptosis. Hypoxia has previously been shown to induce resistance to etoposide-mediated cell death in a p53-dependent manner \[[@pone.0120958.ref031], [@pone.0120958.ref032]\]. As shown in [Fig. 2B](#pone.0120958.g002){ref-type="fig"}, IH-selected clones were heterogeneous in their response to etoposide, with some (i.e. 1,5,9) being highly resistant, whereas others (i.e. 6,7) were as sensitive as the controls. Notably, there was little heterogeneity among the control clones in their sensitivity to etoposide. Despite the heterogeneity of phenotypes, as a group the IH-selected cells were significantly more resistant to etoposide killing than were the non-selected variants (p\<0.0001). In contrast, both IH-selected and non-selected MCF10.DCIS cells were resistant to etoposide and both exhibited high degrees of heterogeneity and there was no difference between the selected and control groups ([S3A Fig](#pone.0120958.s003){ref-type="supplementary-material"}.). This is an interesting observation that suggests that these cells have already been selected for apoptosis resistance prior to the commencement of this experiment. The more malignant clones from MDA-MB-231 cells were interesting in that, although the unselected clones were uniformly resistant, similar to the IH-selected MCF10A clones 1,5 and 9; the IH-selected MDA-MB-231 clones were more heterogeneous with some (i.e. clone 7) being extremely resistant [S3B Fig](#pone.0120958.s003){ref-type="supplementary-material"}.). As a group, the IH-selected MDA-MB-231 clones were more resistant than were the unselected controls (P\<0.0001).

We subsequently examined two MCF10A IH-selected clones (clones 4 and 9) and two control clones (clones 4 and 7) in more detail. IH clones 4 and 9 exhibited the greatest survival to 10 μM etoposide, while control clones 4 and 7 exhibited the least and most resistance, respectively, among the control clones (data not shown). In addition to survival against etoposide, the IH-selected clones demonstrated increased survival when treated with methotrexate and docetaxel ([Fig. 2C](#pone.0120958.g002){ref-type="fig"}). Methotrexate survival canonically relies on amplified *DHFR*. This gene amplification event as well as survival to methotrexate has been reported to occur after intermittent hypoxia \[[@pone.0120958.ref033]\]. We also tested for survival against the anti-mitotic docetaxel, which is a commonly used breast cancer drug. The two IH-selected clones demonstrated resistance to 10nM docetaxel. To test whether these clones exhibited general survival benefits to microenvironmental stressors as well, we measured survival with reduced growth factors or chronic hypoxia ([Fig. 2C](#pone.0120958.g002){ref-type="fig"}). Each of these conditions may occur during intraductal carcinogenesis. Of the clones tested, each IH-selected clone exhibited increased survival in response to hypoxia, but did not have reduced growth factor independence. Overall, these results indicate that these cells have a general resistance to apoptosis. However they are not independent of growth factors, which is a distinct Hallmark of Cancer mechanism \[[@pone.0120958.ref034]\].

To investigate whether these phenotypic changes were associated with underlying genomic changes, we utilized the Nanostring nCounter analysis system for karyotyping (Nanostring Technologies, Seattle, Washington) to compare the genomes of IH-selected clone 4 to control clone 7. These results showed several regions throughout the genome that had lost one allele, and there were very few amplification events. In particular, karyotyping showed loss of a portion of 17p that contains TP53 and of 16q that contains CDH1, the gene that encodes the tumor suppressor, E-cadherin \[[@pone.0120958.ref035]\]. Traditional (Giemsa) karyotyping (U Minnesota Cytology core) did not identify these specific alterations, but did confirm that these cells were still karyotypically similar to MCF10A cells \[[@pone.0120958.ref036]\].

Because the NanoString data suggested loss of chromosomal elements close to the P53 and CDH1 genes, we then performed quantitative real-time qPCR to determine the status of E-cadherin and p53 genes across all clones. Notably, the reduction of E-cadherin and of p53 transcripts were observed across all IH-selected clones ([Fig. 2D-E](#pone.0120958.g002){ref-type="fig"}). Interestingly, some unselected clones were observed to have low p53 transcripts, suggesting that a reduced p53 phenotype may have pre-existed in the population prior to selection. Conversely, all control clones had high levels of E-cadherin mRNA. To test whether this is consistent, we repeated our experiment on cells treated with IH daily for two weeks, for a total of 15 hypoxia-reoxygenation cycles. Cells were initially seeded at 10,000 cells/well with 8 wells per condition, and mRNA was isolated at the end of the experiment. These selected cells also exhibited reduced E-cadherin and p53 expression ([S4 Fig](#pone.0120958.s004){ref-type="supplementary-material"}.), indicating a consistent mechanism for loss of the expression of these genes. Conversely, cells treated with low pH and low glucose, conditions which are also selective \[[@pone.0120958.ref037]\], did not exhibit reduced p53 ([S4 Fig](#pone.0120958.s004){ref-type="supplementary-material"}.)

Further, we tested whether the observed changes were due to intermittent hypoxia or whether they may be induced by chronic hypoxia. We cultured MCF10A cells in chronic hypoxia (0.2% O~2~) conditions for 2 months, followed by 2 months of normoxic growth during which clonal selection was performed. We measured the levels of E-cadherin and p53 in 10 clones isolated in this way and detected no significant difference ([S5 Fig](#pone.0120958.s005){ref-type="supplementary-material"}.). Additionally, we measured survival of these cells when treated with 20μM etoposide, 10nM docetaxel, and 3 days of hypoxic growth, and we detected no significant change in survival under any of these conditions ([S6 Fig](#pone.0120958.s006){ref-type="supplementary-material"}.).

As GAPDH was used to normalize RT-PCR and western data, we confirmed that GAPDH levels were not affected by selection by comparing GAPDH expression levels to that of actin. We detected no significant difference either between our parental controls and parental IH-selected cells, or between parental controls and IH-selected clones 4 and 9 ([S7 Fig](#pone.0120958.s007){ref-type="supplementary-material"}.).

Our data indicate that intermittent hypoxia selects for loss of E-cadherin and p53 in MCF10A cells. To test whether this phenomenon is observed in other cells types, we subjected SU86.86 pancreatic carcinoma cells to 50 rounds of intermittent hypoxia to test whether E-cadherin expression would be lost. These cells were chosen because they carry functional alleles of CDH1, but have mutant p53. We hypothesized that following 50 rounds of intermittent hypoxia, that SU86.86 clones would exhibit reduced E-cadherin transcripts, but that p53 transcripts would be unaffected. Consistent with this hypothesis, we detected reduced E-cadherin transcripts in multiple SU86.86 clones ([Fig. 3A](#pone.0120958.g003){ref-type="fig"}). However, we also detected reduced p53 transcripts, indicating a general mechanism of reduced p53 expression following IH ([Fig. 3B](#pone.0120958.g003){ref-type="fig"}). The G245S p53 mutation in this cell line is generally considered to be inactive \[[@pone.0120958.ref038], [@pone.0120958.ref039]\]. Consistent with its p53 status, clones of unselected SU86.86 cells were highly resistant to etoposide and hypoxia. However, the IH-selected clones were even more resistant ([Fig. 3C-D](#pone.0120958.g003){ref-type="fig"}) suggesting the presence of some residual pro-apoptotic activity in these cells. Intermittent hypoxic selected RKO colorectal carcinoma cells are E-cadherin null and p53 wild-type, and these were also subjected to 50X cycles of intermittent hypoxia to test the hypothesis that this would select for loss of p53. Notably, these selected cells do not exhibit differences in either p53 or E-cadherin expression compared to passage-controlled cells ([Fig. 3E-F](#pone.0120958.g003){ref-type="fig"}). Despite this, RKO cells exhibited increased resistance to hypoxia, but not to etoposide, suggesting the presence of separate mechanisms conferring hypoxia resistance in these cells.

![SU86.86 cells exhibit phenotypic and genotypic changes following selection by IH.\
SU86.86 cells were treated with IH for 50 cycles, had clonal populations raised, and grown in normoxia for 2 months. A significant decrease in expression of E-cadherin (A) and p53 (B) was detected by quantitative Real-Time PCR. IH-selected SU86.86 clones also exhibited an increase in resistance to etoposide (C) and hypoxia (D).Results of selection of RKO cells following IH-selection (E-H). We do not detect any changes in p53 or E-cadherin expression within clones of RKO IH-selected (E,F). Furthermore, these cells did not exhibit resistance to etoposide (G), nor hypoxia (H).](pone.0120958.g003){#pone.0120958.g003}

To measure multiple cancer-related proteins in a higher throughput manner, we submitted protein samples of the parental MCF10A cells as well as a MCF10A passage control (control-7) and two intermittent hypoxic clones (IH-sel 4 and IH-sel 9) to the M.D. Anderson Reverse Phase Protein Array (RPPA) facility. The results were normalized using linear methods based on internal controls, median centered and log2 transformed prior to analysis. Student's T-test (Welch) was performed to find significant markers between control and IH-selected groups. In order to control the family-wise multiple testing errors, the False Discovery Rate (FDR) was computed \[[@pone.0120958.ref040], [@pone.0120958.ref041]\]. There were 26 protein markers that were found to be significant (*p* ≤ 0.05, FDR *q* ≤ 0.05). These differentially expressed markers were used in the clustering analysis to illustrate the expression difference ([Fig. 4A](#pone.0120958.g004){ref-type="fig"}). A Principal Components Analysis (PCA) revealed clear separation between hypoxic and normal samples using 26 significant protein markers ([Table 1](#pone.0120958.t001){ref-type="table"}). As expected, the two intermittent hypoxic selected clones were more closely related than were the normoxic control clone and the parental line. The RPPA assay also confirmed reduced E-cadherin and p53 protein levels, but also changes in the levels of other proteins, such as reduced c-myc and annexin-I.

![Differential protein levels and phenotypes are exhibited among MCF10A cells following selection through IH.\
(A) Analysis of protein levels was performed using the Reverse Phase Protein Array (RPPA) on the parental MCF10A line, passaged control clone 7, IH-selected clone 4, and IH-selected clone 9. Each clone was submitted in duplicate. Hierarchical clustering of significant (FDR ≤ 0.05) protein markers in control versus IH-selected samples is shown. The clustering was carried out with Euclidean distance metric with average linkage, and the data was median normalized and log2 transformed. The clustering was arbitrarily stopped at 2 and 5 groups for the samples and features respectively. (B) Western blotting analysis of p53 and E-cadherin protein. p53 protein is reduced by in IH-selected clones. E-cadherin is completely lost following selection by IH, and N-cadherin protein is detectable, indicating EMT in IH-selected clones. (C) Quantitative RT-PCR was performed on DNA levels of the *P53* and *E-CAD* loci. A 0.5 fold reduction in the number of copies of *P53* and *E-CAD* indicates a loss of one allele of each. (D) Western blotting against HIF-1α and GLUT-1 indicates constitutive stabilization of HIF-1α and its downstream effector GLUT-1 in IH-selected cells. MCF10A cells cultured in hypoxia are used as a positive control.](pone.0120958.g004){#pone.0120958.g004}

10.1371/journal.pone.0120958.t001

###### Details of the significant protein markers with FDR and fold change (log of Control to IH-selected group).

![](pone.0120958.t001){#pone.0120958.t001g}

  Protein Name              Ttest (P-value)   FDR (Q-value)   Fold Change (Log2 of Norm/Hypoxic)
  ------------------------- ----------------- --------------- ------------------------------------
  Src_pY527                 0.000004          0.000471        0.449689
  E-Cadherin                0.000003          0.000573        3.028638
  beta-Catenin              0.000014          0.000588        1.207492
  FOXO3a                    0.000009          0.000616        -0.25395
  c-Myc                     0.000019          0.000669        0.553257
  GYS                       0.000013          0.000715        -0.30252
  JNK2                      0.000097          0.002604        -0.60568
  TFRC                      0.00009           0.002751        -0.89242
  EGFR_pY1068               0.000265          0.00631         0.340197
  FOXO3a_pS318_S321         0.00074           0.014406        -0.44514
  GCN5L2                    0.000711          0.015225        0.369197
  CDK1                      0.000978          0.01744         0.310195
  NDRG1_pT346               0.001094          0.018004        0.977278
  Src                       0.001199          0.018324        0.674909
  G6PD                      0.001674          0.023889        -0.40407
  Bad_pS112                 0.0028            0.033295        0.138613
  Smad1                     0.002656          0.033439        0.161755
  ATP5H                     0.002533          0.033884        -1.2394
  Annexin_I                 0.003035          0.03418         0.784935
  53BP1                     0.003943          0.040185        -0.37454
  IGF1R                     0.003773          0.040371        0.774288
  A-Raf                     0.004518          0.043949        -0.17145
  ACC_pS79                  0.004763          0.044314        0.241103
  GSK3-alpha-beta_pS21_S9   0.005928          0.050739        -0.18914
  CDKN2A_p16INK4a           0.005704          0.050865        -0.11895
  GAPDH                     0.00657           0.054079        -0.38184

To confirm these data and our RT-PCR data, protein levels for p53, N-cadherin, and E-cadherin were measured by Western blot, and reduced p53 protein and E-cadherin protein levels were observed ([Fig. 4B](#pone.0120958.g004){ref-type="fig"}). The epithelial-to-mesenchymal transition (EMT) is the process by which cells lose their epithelial characteristics and become more migratory. During EMT, N-cadherin protein is upregulated while E-cadherin is lost. Also shown by western blot, IH-selected clones exhibit increased N-cadherin indicating the occurrence of EMT following selection by IH. This is consistent with others who have proposed that hypoxia can induce EMT \[[@pone.0120958.ref042], [@pone.0120958.ref043]\]. However, the difference in the present study is that the genotype/phenotype is stable, as expression levels were determined following 2 months of normoxic growth following the 50 rounds of selection. We measured the DNA content of these cells by performing quantitative RT-PCR on DNA isolated from these cells and utilizing primers derived from intronic regions of these genes \[[@pone.0120958.ref044]\]. A 2-fold change in expression by this technique indicates a loss of half of the number of the alleles. As expected, and confirming our karyotyping data, we determined that IH-selected cells carried half of the number of copies of both the P53 and CDH1 alleles ([Fig. 4C](#pone.0120958.g004){ref-type="fig"}).

As cells exhibit numerous physiological and genetic changes during hypoxia, we explored whether IH-selected cells had fixed any of the phenotypes that occur during hypoxia. These include an induction of the HIF client, CA-IX, as well as increased glycolysis. In control studies, we determined that MCF10A cells upregulated CA-IX under hypoxia compared to normoxia; but that MDA-MB-231 and MCF10.DCIS cells constitutively expressed CA-IX even in normoxic conditions ([S8 Fig](#pone.0120958.s008){ref-type="supplementary-material"}.). We tested for the expression levels of several hypoxia related proteins within our IH-selected clones ([Fig. 4D](#pone.0120958.g004){ref-type="fig"}). HIF-1α is stabilized upon exposure to hypoxia, but is quickly destroyed upon reoxygenation. We measured the expression of HIF-1α and two of its target genes, GLUT-1 and CA-IX in our IH-selected cells, our passaged-control cells, the parental MCF10a, and, as a positive control, the parental MCF10a cells incubated in hypoxia. As expected, MCF10a cells strongly upregulated HIF-1α, GLUT1, and CA-IX under hypoxia. Further, the IH-selected clones, despite being passaged in normoxia for months, exhibited increased HIF-1α and GLUT1 compared to passage controls, indicating the acquisition of the pseudohypoxic phenotype within these cells. Additionally, we detected an increase in CA-IX mRNA and protein levels in IH-selected clones relative to passage controls ([S9 Fig](#pone.0120958.s009){ref-type="supplementary-material"}.).

Consistent with loss of E-cadherin, the IH-selected clones exhibited adhesion-free growth in a soft agar colony formation assay ([Fig. 5A](#pone.0120958.g005){ref-type="fig"}). Consistent with this behavior, we detected increased migration when measured with the Boyden-chamber based Roche xCelligence assay ([Fig. 5B](#pone.0120958.g005){ref-type="fig"}). During passaging, we observed that IH-selected MCF10A clones detached easily by treatment with trypsin, while unselected or parental cultures required long incubations in trypsin to detach. While we do not detect changes in morphology amongst individual cells, we detected a clear mesynchemal phenotype in intermittent hypoxic selected cells ([Fig. 5C](#pone.0120958.g005){ref-type="fig"}) compared to controls. Despite these data that suggest transformation, however, MCF10A cells injected into the mammary fat pads of nude mice did not develop into tumors ([S10 Fig](#pone.0120958.s010){ref-type="supplementary-material"}.). This may be due to decreased proliferation of IH-selected cells ([Fig. 5D](#pone.0120958.g005){ref-type="fig"}).

![(A) Soft agar colony formation assays were performed on each clone as a measure of cell-adhesion growth. IH-selected clones demonstrated an increase in the number of colonies relative to passage control clones. Metastatic MDA-MB-231 cells were seeded as a positive control. (B) Passage control MCF01A clones (top) and IH-selected clones (bottom) were imaged using brightfield microscopy. While control clones exhibited smooth borders indicative of an epithelial phenotype, IH-selected cells migrated apart from adjacent cells, indicating an increase in migration as well as EMT. (C) As a measure of migratory capacity, passage control MCF10A clones (in grey) and IH-selected MCF10A (in black) were seeded within an xCELLIGENCE CIM plate, which measures in real time the number of cells passing through a barrier from a low-serum well to high-serum well. Measurements taken over the span of 24 hours indicates IH-selected clones have increased migratory rates (D) Proliferation rates of each of the four clones. Cell counts were performed daily. IH-selected clones exhibited reduced proliferation relative to passage control clones. (E) Oxygen consumption and proton production (a proxy for glycolysis) were measured for each clone with the Seahorse XF Analyzer. The ratio of oxygen consumption to proton production was increased in IH-selected clones.](pone.0120958.g005){#pone.0120958.g005}

To measure metabolic changes following IH-selection, we employed the XF-96 Seahorse Analysis system. This instrument measures oxygen consumption and glucose-stimulated proton production in real-time *in vitro*. We had previously hypothesized that, as an adaptation to hypoxia, that IH-selected cells would exhibit increased aerobic glycolysis (Warburg Effect) \[[@pone.0120958.ref045]\]. However, contrary to our hypothesis, IH-selected clones exhibited an increased amount of energy generation from respiration compared to control cells ([Fig. 5E](#pone.0120958.g005){ref-type="fig"}). In a study published in 2010, the Vogelstein group reported that selection by glucose deprivation led outgrowth of KRAS mutated pancreatic cells that had an associated increase in glycolysis \[[@pone.0120958.ref046]\]. In an attempt to recapitulate their finding in our system, we subjected MCF10A cells to 0.5mM Glucose and hypoxia in acidic media for 2 weeks. While this treatment was toxic to the vast majority of the cells, upon re-growth, we detected that several clones had increased glycolysis over control cells ([S11 Fig](#pone.0120958.s011){ref-type="supplementary-material"}.).

Discussion {#sec003}
==========

In this report, we simulated the microenvironment that exists in early carcinogenesis to determine the long-term effects of these conditions on the emergence of stable phenotypes in multiple cell types. Significantly, we demonstrated the acquisition of novel phenotypes and associated genotypes through natural mechanisms that mimic those *in vivo*. This work serves as a model of carcinogenesis that may describe the evolutionary dynamics of cells as they acquire malignant phenotypes. An understanding of the mechanisms of carcinogenesis is crucial to the development of novel preventive therapies.

The process of carcinogenesis is speculated to occur during a decades-long period \[[@pone.0120958.ref047], [@pone.0120958.ref048]\]. Notably, microenvironmental perturbations due to chronic inflammation can drive initiation of carcinogenesis \[[@pone.0120958.ref049]\]. Chronic inflammation induces hypoxia and acidosis, and adaptation to these conditions potentially leads to changes in survivability and proliferation. Following initiation and hyperplasia, hypoxia is present during the *in situ* carcinoma stage due to diffusion limitations as cells proliferate into the lumen away from the underlying tissue. Further, as cancers grow and locally invade, they experience regional hypoxia that is also known to be periodic. Thus, in this study, we attempted to recapitulate those conditions and test their effects on cells that represent different stages of cancer. Notably, we observed the largest changes in pre-malignant cells indicating that they may have the greatest adaptive leap to make.

Previous studies have demonstrated clonal outgrowths of minor populations with growth advantages. These studies are important in understanding evolutionary progression of cancers and how certain genotypes are expressed. For example, p53 null cells, even when cultured 1:1000 relative to p53 wild-type cells, can outgrow the p53 wild-type cells in as selective environment, such as hypoxia \[[@pone.0120958.ref011]\]. This type of study helps us understand how when a single cell acquires a beneficial mutation it can eventually dominate the population and that this behavior is contextual i.e. it requires a selective microenvironment. Additionally, scores of other studies have demonstrated that random mutagenesis with genotoxic agents can lead to the acquisition of new genotypes. Our study connects these two observations using a mutagenesis process that models naturally occurring conditions.

Hypoxia and intermittent hypoxia are now commonly recognized as two physiologically distinct processes \[[@pone.0120958.ref016], [@pone.0120958.ref050]\]. While chronic (diffusion-limited) hypoxia is a result of distance from the vasculature and is common among large tumors, intermittent (perfusion-limited) hypoxia is a result from fluctuating vasculature. These dissimilarities lead to differences in intracellular signaling, therapeutic resistance, and progression. Molecularly, this is manifested in differing roles of HIF-1\[[@pone.0120958.ref050]\] In the current study, we sought to define adaptation to intermittent hypoxia, as this has been reported to produce more severe phenotypes. While we observed vast changes in MCF10A cells following treatment with intermittent hypoxia, we observed few changes in chronically (60 day) treated cells. We hypothesize that this may be due to the fact that chronic hypoxia is not as mutagenic or as selective as intermittent hypoxia.

We observed the acquisition of constitutive CA-IX expression in cells following intermittent hypoxia. Constitutive CA-IX expression is commonly observed in cancers but not in normal cells in which CA-IX is expressed only during hypoxia. The molecular mechanism through which this occurs is still unclear. Nevertheless, it is clear that CA-IX expression is associated with a poor prognosis \[[@pone.0120958.ref051]--[@pone.0120958.ref054]\]. Additionally, CA-IX expression does not always correlate with hypoxia *in vivo*, a condition known as "pseudohypoxia", wherein hypoxia activated gene products are expressed under normoxic conditions Our work suggests that intermittent hypoxia leads to constitutive CA-IX expression, suggesting that tumor cells in normoxic regions may have once resided within intermittent hypoxia regions of the tumor.

It is also important to note that different tumors exhibit varying adaptive landscapes. For example, not all tumors are hypoxic, therefore not all cancerous cells will adapt to hypoxia as the cells adapted in the present study. Notably, tumors of SU86.86 cells are highly oxygenated. Hence, adaptations to hypoxia, such as loss of E-cadherin, would not have occurred during the evolution of this cancer. While hypoxia may not be necessary for loss of E-cadherin, this study indicates that it serves as a strong selective pressure for its loss. It remains a mystery why hypoxia would select for loss of E-cadherin. One possible explanation is that loss of E-cadherin promotes invasion, thus allowing cells to move to regions that are more well-oxygenated. While this may be obvious *in vivo*, it is less so *in vitro*. However, it is also known that tissue culture plastic can sequester O~2~, and hence a more migratory phenotype may be able to interrogate a greater region of oxygen-containing space. The loss of p53 is more obvious, as hypoxia is a potent selector for apoptosis deficiencies.

The detection of EMT in MCF10A IH-selected clones led us to hypothesize that these clones would grow tumors *in vivo*. This turned out to not be the case. We must conclude that the IH-selected cells have not acquired the sufficient number of oncogenic events to form tumors and are thus intermediate in oncogenic progression between MCF10A cells and MCF10.DCIS cells. Another observation may be relevant to tumorigenicity is the increase in respiratory capacity of IH-selected cells. Generally, as cells progress to carcinogenicity, they acquire a glycolytic phenotype. We have hypothesized that aerobic glycolysis results from intermittent hypoxia \[[@pone.0120958.ref045]\]. From the results of this study, we conclude that intermittent hypoxia itself is not sufficient for the acquisition of the glycolytic phenotype. The increased respiration of IH-selected cells is an artifact of the system that may be due to high glucose that is not present *in vivo*. In order for the glycolytic phenotype to be obtained, reduced glucose must be present, an observation previously reported by Vogelstein's group \[[@pone.0120958.ref046]\].The microenvironmental conditions present within a tumor can be used as prognostic factors \[[@pone.0120958.ref054]--[@pone.0120958.ref056]\]. This study suggests that if a set of microenvironmental conditions leads to invasion or to drug resistance, then detection of those in a tumor could lead to better risk assessment for local invasion. In future experiments, we intend to test additional microenvironmental conditions in directing evolution. We hope that approaches to perturb the microenvironment, as through buffer therapy, to direct the evolution of the tumor can be realized \[[@pone.0120958.ref057]--[@pone.0120958.ref059]\].

Methods {#sec004}
=======

Animal care and use {#sec005}
-------------------

All procedures were approved by the Institutional Animal Care and Use Committee of University of South Florida under the approved protocol R4029, and animals were maintained in accordance with IACUC standards of care in pathogen free rooms, in the USF Vivarium on site at the Moffitt Cancer Research Center. Female athymic nude mice were acquired from Harlan Laboratories. Four mice were injected in the right (R) flank with MCF10A-IH clone 4, and on the left (F) flank with non selected MCF10A clone 4. The other four mice were injected on the R flank with MCF10A IH clone 9 and on the L flank with MCF10A control clone 7. Mice were imaged at the time of injection and weekly thereafter for 4 weeks.

Cell lines and Culture Conditions {#sec006}
---------------------------------

MCF10.DCIS, and MDA-MB-231 were obtained through the Physical Sciences Oncology Center at the NIH (PSOC, National Institutes of Health, Bethesda, MD). MCF10A, SU86.86, and RKO cells were obtained through American Type Culture Collection (ATCC). MCF10A cells were grown in DMEM/F12 supplemented with 5% Horse Serum, 0.5μg/mL hydrocortisone, 100ng/mL cholera toxin, 20ng/mL human epidermal growth factor, and 10μg/mL insulin. MCF10.DCIS cells were grown in DMEM/F12 supplemented with 5% Horse Serum. MDA-MB-231 cells were grown in DMEM/F12 supplemented with 10% FBS. SU86.86 cells were grown in RPMI supplemented with 10% FBS. RKO Cells were grown in DMEM supplemented with 10% FBS. All cells were grown in 5% CO~2~ at all times. These growth conditions for each cell line were used during normal growth, hypoxic treatment, and during clonal selection. Stable transfection of MCF10A with plasmid containing firefly luciferase was maintained with constant culture of 10ug/mL Blasticidin Testing for mycoplasma was performed using the Lonza MycoAlert Mycoplasma Detection Kit (Cat \# LT07--218).

Intermittent hypoxia and chronic hypoxia selection {#sec007}
--------------------------------------------------

The Biospherix X-Vivo Hypoxia Chamber was used for all experiments. During hypoxic treatments, cells were incubated at 37°C, 5% CO~2~, with either 0.2% O~2~ and 94.8% N~2~ or 1.0% O~2~ and 95% N~2~. Reoxygenation was performed by transferring flasks or plates containing cells from the hypoxic chamber to an incubator under atmospheric conditions at 5%CO~2~. Chronic hypoxia treated cells were cultured constantly at 0.2% O~2.~ The chamber was quality controlled and calibrated according to the manufacturer's specifications (Biospherix). Additional validation of oxygen tension was performed using the CHEMets Dissolved Oxygen Kit (CHEMetrics).

Development of clonal populations {#sec008}
---------------------------------

Individual cells were diluted to single-cells suspensions and grown in each well in 96-well plates under normal growth conditions. Any well containing the growth of more than one colony was excluded. Upon confluency, colonies were isolated and grown under normal growth conditions.

Real Time RT-PCR {#sec009}
----------------

For all real-time PCR reactions, the iScript Real-Rime PCR kit with SYBR Green (Cat\# 170--8893 Biorad) was used on a HT Fast-Real-Time System (Applied Biosciences). Primers were derived from Primer Depot (primerdepot.nci.nih.gov/). Annealing temperatures used were based on the computationally predicted annealing temperature provided by Primer Depot. 100ng of mRNA was used per 20uL reaction. Trizol (Invitrogen) was used according to the manufacturer's directions for all RNA purification. Amplification of GAPDH or actin was used as an internal control for all experiments.

Western Blotting {#sec010}
----------------

Cell pellets were lysed in RIPA buffer and electrophoresed on 8 or 10% polyacrylamide gels. Primary antibodies used for western blotting were: for p53 Cat\# OP43 (Oncogene), for actin Cat\# SC-1616 (Santa-Cruz Biotechnology), for N-cadherin \#G10920 (BD Biosciences), and for E-cadherin \#610181 (BD Biosciences), for HIF-1α Cat\#SC-10790 (Santa-Cruz Biotechnology), for GLUT1 Cat\# SC-7903 (Santa-Cruz Biotechnology), for CA-IX Cat\# PA-513086 (Thermo Scientific), and for GAPDH Cat\# PA1--988 (Thermo Scientific).

Karyotyping {#sec011}
-----------

Nanostring nCounter karyotyping was performed according to the manufacturer's specifications (Nanostring, Seattle WA).

Cytotoxic Assays {#sec012}
----------------

In all reported assays, cells were exposed to cytotoxins for 72hrs. Cells were treated with 10nM docetaxel, 20μM etoposide, or 10nM methotrexate or were exposed to pH 6.7 or 0.2% O~2~ and then viability was measured by the crystal violet assay and compared to untreated cultures. For MCF10A IH-selected cells, growth-factor independence was tested by culturing in media lacking hEGF.

Metabolic analysis {#sec013}
------------------

We measured oxygen consumption and proton production glycolysis using the 96-well XF Seahorse Analysis system (Seahorse Biosciences, Massachusetts). To measure maximum oxygen consumption, cells were treated with 2.5 μM FCCP. For glucose consumption, cells were treated with rotenone and antimycin to measure maximum glycolysis following basal readings.

Immunohistochemical staining, imaging and analysis {#sec014}
--------------------------------------------------

Slides were stained using a Ventana Discovery XT automated system (Ventana Medical Systems, Tucson) as per manufacturer\'s protocol with proprietary reagents. To stain for CAIX, the rabbit primary antibody \#ab15086 (Abcam, Cambridge, MA) was used at a 1:500 concentration in Dako antibody diluent and incubated for 32 minutes. The same concentration and times were used for GLUT-1 ab\#652 and HIF-1α ab\#1. The OmniMap anti-rabbit secondary was used for 20 minutes. ChromoMap was used for detection.

Immunostained slides of DCIS lesions stained against GLUT-1, HIF1α and CA-IX were scanned using the Aperio (Vista, CA) ScanScope XT with a 200x/0.8NA objective lens at a rate of 5 minutes per slide via Basler trilinear array. TissueStudio (Definiens, Munich, Germany) image analysis platform was used to segment, classify and extract size and intensity features for single cells in the viable tumor regions and classified into negative, weak, moderate and strong intensity. Each biomarker analysis was specific to its orientation within the cells (GLUT1 and HIF1α on the membrane; CA-IX in the cytoplasm) and quality controlled by a practicing pathologist.

Reverse Phase Protein Array (RPPA) {#sec015}
----------------------------------

Protein expression for a total of eight MCF10A cells (2 IH-selected and 2 normal, each done in duplicate) was obtained through The MD Anderson Cancer Center. The assay evaluated 214 protein markers and the assay had positive and negative controls. Sample preparation was performed according to the facility's recommendations. Briefly, samples were lysed in RIPA buffer containing Phosphatase inhibitors and protease inhibitors and frozen. For data analysis, the assay was normalized (linear methods based on internal controls), median centered and log2 transformed prior to analysis. Students T-test (Welch) was performed to find significant markers between Normal and Hypoxic groups. In order to control the familywise multiple testing errors, the False discovery rate (FDR) was computed \[[@pone.0120958.ref040], [@pone.0120958.ref041]\].

Supporting Information {#sec016}
======================

###### GLUT-1 is present at the invasive front.

Immunohistochemical staining of GLUT-1 of an invasive breast tumor. GLUT-1 (brown) is highly expressed peri-luminally, and along the invasive front.

(TIF)

###### 

Click here for additional data file.

###### Cell survival in chronic and intermittent hypoxia.

Sensitivity to chronic and intermittent hypoxia of (A) metastatic breast cancer MDA-MB---231, (B) breast epithelial MCF10.DCIS, (C) metastatic pancreatic SU86.86, and (D) Colorectal RKO cells. Cells were incubated in normoxia, chronic hypoxia, or intermittent for 6 days, and relative survival was measured to cells grown in normoxia.

(TIF)

###### 

Click here for additional data file.

###### IH modulates MDA-MB-231 survival to etoposide.

Sensitivity of IH-selected and passage control MCF10.DCIS and MDA-MB-231 clones. While IH-selection did not decrease etoposide resistance for MCF10.DCIS cells (A), MDA-MB-231 clones exhibited a significant increase in resistance (B).

(TIF)

###### 

Click here for additional data file.

###### IH leads to changes in p53 and e-cadherin expression following 2 weeks of selection.

MCF10A cells were seeded at 10kcells/well in 8 wells of 12-well plates and treated with either reduced glucose and pH, or IH daily, or grown in normal growth conditions for 2 weeks, and mRNA was isolated from each clone. (A) While treatment with a control condition (0.5mM Glucose, pH 6.8) did not reduce expression of p53, treatment with IH reduced expression of p53. (B) Treatment with IH also significantly reduced the expression of E-cadherin.

(TIF)

###### 

Click here for additional data file.

###### Selection by chronic hypoxia, unlike IH, does not lead to changes in e-cadherin or p53.

No significant differences in E-cadherin or p53 expression were detected following treatment with chronic hypoxia. RNA was isolated from 10 Chronic Hypoxia treated clones and 10 passaged control clones. mRNA levels of p53, E-cadherin, and actin was measured by quantitative RT-PCR.

(TIF)

###### 

Click here for additional data file.

###### No significant changes in survival were detected in chronic hypoxia adapted cells when compared to control passaged cells.

Chronic hypoxia treated clones and control clones were treated with 20μM etoposide, 10nM Docetaxel, 0.2% O~2~, or untreated in normal growth conditions for 72 hours. No significant difference in survival under any of these conditions was measured.

(TIF)

###### 

Click here for additional data file.

###### Expression of GAPDH is not significantly affected by intermittent hypoxia selection.

mRNA was isolated from MCF10A parental control cells, MCF10A parental IH-selected cells, and MCF10a IH selected clone 4 and MCF10A IH-selected clone 9. Fold expression of GAPDH over actin as a loading control was measured. No significant difference was measured for MCF10A IH-selected parental cells (p = 0.9400) or IH-selected clones 4 and 9 (p = .9751).

(TIF)

###### 

Click here for additional data file.

###### Expression of CA-IX in MDA-MB-231, MCF10.DCIS, or MCF10A cells while in culture in normoxia, IH, or hypoxia.

All cells were cultured for 6 days, then RNA was extracted, followed by semi-quantitative PCR to measure CA-IX expression. MDA-MB-231 cells exhibit some constitutive CA-IX expression that is increased under IH and hypoxia. DCIS cells constitutively express about the same amount of CA-IX. MCF10A cells only express CA-IX while under IH or hypoxia.

(TIF)

###### 

Click here for additional data file.

###### qRT-PCR and semi-quantitative PCR of mRNA from IH-selected clones 4 and 9, and control clones 4 an7.

IH-selected clones exhibited an increase in CA-IX expression. Detection of CA-IX by western blot revealed a modest increase following IH-selection.

(TIF)

###### 

Click here for additional data file.

###### IH is not sufficient for tumorigenesis *in vivo*.

MCF10A-luc control and IH selected cells were injected subcutaneously in to the right and left flank of Nu/Nu male mouse (n = 4) at a concentration of 1--5x10^7^. Mean tumor bioluminescence was quantified in each group indicating no growth difference between the two cohorts at 4 weeks post injections.

(TIF)

###### 

Click here for additional data file.

###### IH in combination with reduced glucose and reduced pH may lead to increased glycolysis.

MCF10A cells were subjected to either standard growth conditions (25mM glucose, pH 7.2, 21%O~2~) or to low glucose, low pH, hypoxic conditions (0.5mM glucose, pH 6.7, 0.2% O~2~) for two weeks. Metabolic analysis of clones of the low pH low glucose, hypoxic growth cells (teal) exhibited increased glycolysis relative to control cells (blue).

(TIF)

###### 

Click here for additional data file.
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